3-(4'-Benzoylphenyl)propionyl[3H]Ph etRNA bound to the peptidyl site of the ribosome is photocrosslinked exclusively to 23S RNA on irradiation at 320 nm. The site of reaction has been identified both by hybridization and primer-extension experiments as uridine-2584 and uridine-2585, located within the central loop of domain V according to the secondary structure model of 23S RNA. The fact that the covalently crosslinked tRNA retains its ability to form a peptide bond, together with the proximity of this site to the position of several mutations leading to chloramphenicol or erythromycin resistance strongly argue that this region of the 23S-like rRNAs is an integral component of the peptidyl transferase site. On the basis of these results, and from comparative analysis of the 16 available large subunit rRNA sequences, we propose a model for the functional organization of the peptidyl transferase site involving interaction of domains II and V of 23S rRNA.
The three-dimensional structure of the ribosome still presents one of the most challenging problems in molecular biology. On the ribosome, a variety of events must take place in a coordinate fashion to translate the information provided by the mRNA into the correct amino acid sequence. To define the mechanism of translation, attention so far has mainly focused on the protein components of the ribosome, although from our current knowledge, it is difficult to describe the dynamics of the ribosomal machinery in terms of protein functions alone. There is, however, accumulating evidence that structural interactions between the RNA componentsi.e., rRNAs, tRNAs, and mRNA-play an important role in ribosomal function (1, 2) . It is generally assumed that the ribosome provides a favorable environment for peptide-bond formation, the prerequisite for this reaction being the correct alignment of the two tRNAs and the close proximity of their CCA-terminal moieties. Therefore, the elucidation of the architecture of the peptidyl transferase center is of utmost importance for the understanding of the mechanism of protein synthesis.
A variety of chemically or photochemically reactive derivatives of aminoacyl tRNA and antibiotics have been used to investigate the ribosomal peptidyl transferase site (for reviews see refs. [3] [4] [5] [6] . Depending on the derivative used, several ribosomal proteins and/or 23S RNA are affinity-labeled. However, it has not been possible until now to assign a specific peptidyl transferase function to one of the ribosomal proteins. Furthermore, no site of crosslinking of such probes to 23S RNA has been unambiguously positioned in the rRNA sequence.
In previous experiments, we used the 3-(4'-benzoylphenyl)propionyl derivative of Phe-tRNA (BP-Phe-tRNA; Fig. 1 ) as a probe of the peptidyl transferase region (7) (8) (9) . The electron pair of the carbonyl group of the benzophenone moiety can be activated by UV irradiation at 320 nm to react with the C,-H bond of peptides as well as with nucleic acids (9, 10) . BP-[3H]Phe-tRNA bound to the peptidyl site (P site) of poly(U)-programmed ribosomes crosslinks in high yield to the 23S RNA. Limited hydrolysis of the photoaffinity-labeled 23S RNA with RNase A demonstrates that the crosslink occurs at a site in the 11S RNA fragment, which comprises the 3'-proximal 1100 nucleotides of 23S RNA. After photoreaction, this complex retains its ability to participate in peptide-bond formation (9) . The labeled region of the 23S RNA must therefore reside within the peptidyl transferase center.
In this paper we report the identification of the peptidyl transferase region by precise positioning of the photoaffinity-labeled nucleotides of 23S RNA. The results are discussed in light of the proposed secondary structure of 23S RNA. A model for the binding of the CCA terminus to the P site of the ribosome is proposed. 2x NaCI/Cit (lx NaCl/Cit is 0.15 M NaCI/0.015 M Na citrate), twice for 15 min each with 0.1 x NaCi/Cit, incubated with RNase A (40 jig/ml) in 2 x NaCl/Cit for 30 min at 37°C, washed twice for 15 min each with 0.1 x NaCl/Cit/0.1% sodium dodecyl sulfate, and twice for 15 min each with 0.1 x NaCi/Cit. After drying, the filters were soaked in toluene containing 10% 2,5-diphenyloxazole and exposed at -70°C to preflashed Kodak XR5 (X-Omat) film.
MATERIALS AND METHODS
Preparation of the Labeled Primer and Reverse Transcription. A 124-base-pair (bp) Hpa II fragment and a 56-bp Ava II fragment of pKK123 (12) were labeled on their 5' ends with 32P and the strands were separated (13) . The end-labeled primers (1-2 x 104 cpm) were annealed to 1 ,ug of 23S RNA in 20 ,ul of buffer (100 mM KCl/50 mM Tris HCl, pH 7.5/10 mM MgCl2/2 mM dithiothreitol) for 5 min at 65°C (14, 15) . After cooling, the four dNTPs were added to a final concentration of 0.25 mM and the mixture was incubated with 8 units of avian myeloblastosis virus reverse transcriptase for 30 min at 37°C. For the sequencing reactions with dideoxynucleotides, the dNTP concentrations were decreased to 100 ,M for each dNTP. The ddNTP/dNTP ratios were 1:4 for dGTP, dATP, and dTTP and 1:10 for dCTP (14) . The reaction products were separated on a polyacrylamide/7 M urea sequencing gel (13) .
RESULTS
Hybridization of Photoaffinity-Labeled 23S RNA to rDNA Fragments. The 3.16-kilobase (kb) EcoRI/BamHI insert of the recombinant plasmid pKK 123 comprises part of the E. coli rrnB operon and contains 2061 bp from the 3' end of the 23S RNA (12) . This insert contains the DNA sequences corresponding to the 11S fragment previously identified as the site of the photoreaction on 23S RNA. The restriction enzymes Hinfl, Hae III, Hpa II, and Cfo I were chosen to digest the purified insert DNA. The resulting DNA fragments were separated on a 2% agarose gel and transferred to nitrocellulose. Fig. 2A shows a fluorograph of the filter after hybridization to 23S RNA 3H-labeled by the photoaffinity probes. As the filter had been incubated with RNase A, the label could only be protected by hybridization to a DNA fragment, resulting in a positive hybridization signal. It should be noted that the efficiency of transfer to the nitrocellulose membrane is lower for smaller fragments, which explains the weaker hybridization signals in the Cfo I and Hpa II fragments. From the size of the hybridizing fragments and the known sequence, their positions on the 23S RNA can be deduced (Fig. 2B) Fig. 4 (lanes C, U, Fig. 4 (lane 1) , band II is split into two bands corresponding to uridine-2585 and uridine-2586. As Youvan and Hearst (16) have demonstrated that reverse transcription stops exactly at the nucleotide immediately 3' to a hypermodified base, we assign the sites of photoaffinity labeling of the BP-I3H]Phe-tRNA at the P site to positions uridine-2584 and uridine-2585 of 23S RNA. In another experiment, the site of the internal crosslink giving rise to band I has been identified as uridihe-2613 (unpublished results).
DISCUSSION
The results presented in this paper report the precise identification of a site in 23S RNA at the peptidyl transferase region using photoaffinity-labeling techniques. Previously, a number of studies demonstrating affinity labeling of 23S RNA at the peptidyl transferase center have been published (3) (4) (5) (6) , but no site of crosslinking has been localized unambiguously within the 23S RNA sequence. (Fig. 3) . Band I can be attributed to an internal crosslink (involving uridine-2613; unpublished data), because it results from the irradiation process alone, whereas band II is brought about by photoreaction with BP-Phe-tRNA (Fig. 3, lanes 1 and 3) .
Band II caused by photoreaction with BP-Phe-tRNA actually consists of two bands as seen in Fig. 4 . These bands can be attributed to stops of reverse transcription at uridine-2585 and uridine-2586. The sites of photoreaction can therefore be assigned to positions uridine-2584 and uridine-2585. The involvement of uridine residues is in agreement with our previous identification of the modified nucleotide from alkaline hydrolysis of photoaffinity-labeled 23S RNA (9) . The photoaffinity-labeled uridine residues are located in the central loop of domain V of 23S rRNA (Fig. 5A) . It is remarkable that this region is structurally extremely conserved throughout evolution (17) (18) (19) . In addition, most of the unpaired bases in the loop are conserved in systems as different as eubacteria, mitochondria, chloroplasts, and eukaryotes, as might be expected for a region involved in an essential ribosomal function (Fig. 5A) . Further support for the importance of this loop region in ribosomal function is provided by genetic studies of resistance to chloramphenicol and erythromycin. Both antibiotics are inhibitors of peptide bond formation. Chloramphenicol acts specifically on the peptidyl transferase, whereas the mode of action of erythromycin is less well-defined (20) . Several mutants found in mammalian and yeast mitochondrial rRNA conferring resistance to chloramphenicol (21) (22) (23) (24) and erythromycin (25) exhibit single base changes in the central-loop region of domain V (Fig.  5A ). This provides additional evidence for the functional role of this region in the peptidyl transferase reaction.
Little is known about the molecular mechanism of peptide bond formation. Models have been proposed suggesting that either histidine residues from ribosomal proteins (26) (17, 19) . U-2584 and U-2585 are photoaffinity-labeled by BP-Phe-tRNA at the ribosomal P site. Boxed sequences are highly conserved throughout evolution; sites of base changes resulting in resistance to chloramphenicol (A) and erythromycin (*) in mitochondrial RNAs from yeast and mammals (21) (22) (23) (24) (25) . (I) indicates the site of the internal crosslink obtained by irradiation of ribosomes at 320 nm; the same region was found to be photocrosslinked at 254 nm to region 739-748 of domain II (34) . (B) Secondary structure of a loop region in domain II. Again, sequences highly conserved throughout evolution are boxed (19) . The shaded nucleotides UGG are proposed to base pair with the CCA terminus of tRNA as discussed in the text. tidyl transfer reaction (27) . Independent of the mechanism, the precise positioning of the two CCA termini is a prerequisite for the transfer reaction, The available evidence sup ports specific interaction of the CCA sequence with the ribosome (28) (29) (30) (31) (32) (33) . If binding is caused by conventional base pairing, a UGG sequence in 23S rRNA is required, whose evolutionary conservation is comparable with the conservation of the CCA sequence of tRNA. Inspection of the available 16 23S-like rRNA sequences (19) shows that only one universally conserved UGG exists. It is found in the invariant U-A-G-C-U-G-G-U-U-811 sequence in a loop region of domain II (Fig. SB) (34) . The above structural constraints on the folding of 23S rRNA place the conserved U-A-G-C-U-G-G-U-U-811 sequence in the general vicinity of the affinity-labeled site. This is consistent with a model whereby the CCA terminus of tRNA binds to a site in domain II that is spatially juxtaposed with the peptidyl transferase region in the central loop of domain V. Partitioning of the CCA-binding and peptide bond-forming functions between two structural domains could imply that these functions may be coupled via a dynamic interaction between these domains. As a general principle, uncoupling of tRNA binding from peptide bond formation could, for example, form the basis of a molecular mechanism for translational proofreading.
The studies presented here identify the peptidyl transferase region on 23S RNA. The methods developed for this investigation can be extended to studies of different functional states in the ribosomal cycle. Future experimentation should provide further insight into the architecture and dynamics of 23S rRNA and its relationship to peptidyl transferase function. 
